Background: The aims of this study were to investigate the longitudinal changes in muscle and bone with aging, and to clarify the muscle-bone relationships. Methods: In a community-based prospective study, a total of 172 men and 165 women aged ≥ 65 years who had performed body composition analysis and bone mineral density (BMD) by dual-energy x-ray absorptiometry at baseline and 5-year follow-up evaluations were included. Results: The rate of BMD loss in total hip was significantly associated with baseline legs lean mass and loss rate of leg strength, but not with the rate of muscle mass losses in men (r = .205 in leg lean mass, r = .170 in loss rate of leg muscle strength, p < .05 respectively). However, in women, it was significantly correlated with the rate of leg lean mass loss, but not with baseline values, and the rate of loss in leg muscle strength (r = .169 in the rate of loss in leg lean mass, r = .246 in the rate of loss in leg muscle strength, p < .05 respectively). In multivariate analyses, the rates of decrease in leg muscle strength showed independent positive associations with loss in total hip BMD in both men and women (β = 0.023 for men and β = 0.045 for women, both p < .05 respectively). Conclusion: There was a gender difference in muscle and bone mass changes with aging, and muscle-bone interactions as well. However, a longitudinal change in muscle strength was the most significant independent factor associated with bone loss for both genders.
bone quality, and age-related decrease of bone mass is a major cause of fragility in the elderly adults (11, 12) . Recent studies have increasingly focused on the crosstalk between muscle and bone (13) . Weight loading is a crucial determining factor for bone strength (14) . In this context, the fundamental connection between these two tissues is the dynamic loading of muscle on the bone, which stimulates and strengthens bone health (15) .Therefore, reduction in such loading is an important risk factor for the deterioration of bone structure and strength with aging (16) . In addition to mechanical loading on the bone, a recent study showed that muscle cells could directly affect bone cells by producing factors that have a positive influence on them (17) .
In this context, many studies have tried to evaluate the associations between muscle and bone tissues (18) . However, most results were driven from cross-sectional observations (19, 20) . There are currently sparse data on the relationships between muscle tissue and bone health with aging in a prospective manner. In fact, the trends in muscle and bone decrease with aging differs between men and women (21) . Therefore, the interactions between bone and muscle loss during aging process might also differ according to gender.
Here, we investigated the longitudinal changes in body composition parameters with aging, including muscle and bone masses, and leg muscle strength. We also examined the muscle-bone relationship in a longitudinal view.
Materials and Methods

Study Participants
This study was a part of the Korean Longitudinal Study on Health and Aging (KLoSHA), which was designed as a community-based prospective study on health, aging, and common geriatric diseases in Korean subjects aged 65 years and older, and which has been described in detail (22) . Briefly, study participants were selected using age-and gender-stratified random sampling from a roster of people aged 65 years and older during August 2005. At baseline, 1,000 participants (439 men and 561 women) were initially enrolled and completed baseline evaluations from 2005 to 2006, at Seoul National University Bundang Hospital (SNUBH), Korea. Among them, BMD and body compositional analyses were performed in 556 subjects (284 men and 272 women).
In 2010-2011, 5-year follow-up evaluations were conducted, and 428 subjects after excluding 200 subjects died during the study period, 197 refused to complete the follow-up evaluation, 69 had changed their address, and 37 had lost contact with the team, finally attended the follow-up visit (23) . After excluding those who used drugs affecting bone metabolism including bisphosphonates, raloxifene, sex hormone-replacement therapy, or teriparatide, 337 (172 men and 165 women) who completed BMD and body composition measurements and a 5-year follow-up were included. Comorbidity of study participants was evaluated using Charlson comorbidity score (24) .
The Institutional Review Board of SNUBH (B-0706/046-012, B-1304/198-109) approved the study protocol. Participants or their legal guardians were fully informed about study participation and gave informed consents.
Anthropometric Parameters, Biochemical Measurements
Anthropometric and biochemical data were obtained at baseline and 5-year follow-up evaluations. We measured the height and weight of subjects in light clothing and without shoes to the nearest 0.1 cm and 0.1 kg, respectively. The body mass index (BMI) was calculated by determining the ratio of weight to the square of height (expressed in kg/m 2 ). For biochemical analyses, blood samples were collected from the subjects after overnight fasting for at least 10 hours. Fasting plasma glucose concentration was measured using the glucose-oxidase method (YSI 2300 STAT glucose analyzer, Yellow Springs Instrument Co., Yellow Springs, OH). Serum concentrations of total cholesterol, triglycerides, low-density lipoprotein (LDL)-cholesterol, blood urea nitrogen (BUN), and creatinine were measured were measured enzymatically using an autoanalyzer (Hitachi 747; Hitachi, Ltd). Serum 25-hydroxy vitamin D (25OHD) concentrations were measured using Diels-Alder derivatization and ultrahigh performance liquid chromatography-tandem mass spectrometry (Waters, Milford, MA).
Bone Mineral Density and Body Composition Analysis
BMD at the lumbar spine, femur neck, and in the total hip area were measured by dual energy x-ray absorptiometry (DXA; GE Lunar Prodigy, Madison, WI). Body composition including lean mass and fat mass in total body, trunk, and extremities were also measured using the same DXA machine. Appendicular lean mass (ALM) was calculated as the sum of the lean soft tissue masses in the arms and legs. All participants were asked to wear prepared light gown and pants to measure DXA parameters. All DXA measurements were performed using the same machine by a standardized protocol of measurement, and quality control was performed regularly by using a phantom subject to ensure the reliability of the densitometry. The coefficients of variation for DXA measurements for both BMD and body composition in our institute are less than 2% for all measures. Osteoporosis was defined on the basis of the DXA results as a BMD T-score below −2.5 at any site of the lumbar spine, femur neck, and total hip follow by applying WHO guideline.
Leg Muscle Strength
Isokinetic knee extensor muscle strength was measured using an isokinetic device at an angular velocity of 60°/s (Biodex Medical Systems, Shirley, NY) by trained experts using a standardized protocol in a same machine between two evaluations. Participants performed two sets of five repetitions, with a 30-second rest between sets, by exerting maximum pressure on the isokinetic device through the entire range of movement. The average concentric peak torque values (in Newton meters, N·m) obtained from five torque-angle curves for each set was recorded as the leg muscle strength.
Short Physical Performance Battery (SPPB)
The SPPB test was used to assess physical performance. This consists of three basic items: balance, walking velocity, and moving from sitting to standing. Subjects were first asked to balance in standing positions with their feet side-by-side, in a semitandem position, and then fully tandem for 10 seconds each. Subjects were next asked to walk a distance of 4 m at their usual pace. Finally, subjects were asked to stand from a sitting position in a chair and return to the seated position five times as quickly as possible while keeping their arms folded across their chest. Each of these tasks was scored on a scale from 0 to 4 and the sum of the three sub scores yielded the total SPPB score, ranging from 0 (worst) to 12 (best function) (25) .
Statistical Analyses
Differences in the annual percentage changes in body composition parameters between men and women were compared by independent t test. Partial correlation analysis was performed to investigate the relationships between baseline values or annual percentage changes in lean mass or leg muscle strength and BMD changes after adjusting for age, BMI, and 25OHD. LOESS curves were used to describe the annualized percentage changes in lean mass, leg strength, and BMD in men and women with aging. Multiple regression models were applied to investigate factors that affected annualized percentage changes in BMD in each gender. Age, BMI, 25OHD level, serum creatinine, and baseline values of leg muscle mass and strength, annualized percent changes in leg muscle mass and strength, SPPB, and Charlson comorbidity index higher than 3 scores were included as confounders. The collinearity among all the potential confounders was tested using variance inflation factors (VIFs), and a cutoff of less than 2.0 was defined as showing no collinearity. All statistical analyses were performed using SPSS software (version 18, IBM SPSS Statistics; IBM Corp., Armonk, NY). Data with a value of p < .05 was considered significant.
Results
Baseline Demographics
The baseline characteristics of the study participants are presented in Table 1 . The mean ± SD of age at baseline was 71.3 ± 6.5 years for men and 70.5 ± 5.4 years for women. Sixty-five men (37.8%) and 58 women (35.2%) had diabetes mellitus, and 107 men (62.2%) and 112 women (67.9%) had hypertension at baseline. Seven percent of men and 37% of women had osteoporosis at baseline. Median SPPB score was 11 (5-12) for men and 10 (1-12) for women. Charlson comorbidity index was 1 (0-6) for men and 2 (0-6) for women.
Changing Patterns in Body Composition in Elderly Men and Women With Aging
The percentage changes in muscle loss per year for men were greater than those in women for all muscle mass indices. However, the annual percentage changes in leg strength did not show significant differences between men and women. The mean annual percentage changes in BMD in the femur neck and total hip were greater in women than in men. There were no significant differences in the mean percentage changes in total fat mass and total fat percentage between men and women (Table S1 ). Figure 1 shows the trends in annual percentage changes in leg lean mass, ALM, trunk lean mass, leg muscle strength and BMD values with aging. ALM started to decrease earlier in men and progressed consistently with aging ( Figure 1A ). By contrast, the ALM in women were relatively maintained to 75 years of age, but decreased rapidly thereafter. However, the loss rate was slower than compared to that of men in all ages ( Figure 1A ). Age trends in the leg lean mass were similar to those for ALM in both men and women ( Figure 1B) . The loss of trunk lean mass was generally greater in men than in women across all ages and it was accelerated after the age of 75 years in both genders ( Figure 1C ). In terms of the age trends in leg muscle strength, the loss rates were not quite rapid before the ages of 70 years in men and 75 years in women. However, they were progressively and consistently more rapid with increasing aging thereafter, and the accelerating pattern was steeper in women than in men ( Figure 1D ).
The trends in annual percentage loss in total hip BMD were quite similar to those of leg muscle strength in both genders. It began earlier and gradually progressed with aging in men, whereas it showed around a 1% annual decline by the age of 75 years, but its decline accelerated drastically thereafter in women ( Figure 1E ).
Association Between Baseline Values or Annualized Changes in Parameters of Bone and Muscle
The relationships between baseline values or rate of loss in muscle parameters or BMD after adjusting for conventional confounders such as age, BMI, and 25OHD level are provided in Table 2 . In men, the baseline BMDs for the lumbar spine, femur neck, and total hip did not show any significant relationships with baseline values of muscle parameters including trunk muscle mass, ALM, leg lean mass, and leg strength. However, the annual percentage change in total hip BMD was significantly correlated with the baseline ALM and leg lean mass (r = .195, p = .013 with ALM, and r = .205, p = .009 with leg lean mass). There were no associations between rates of BMD changes and leg lean mass loss in men, but the rate of Note: Data were provided as mean ± SD. ALM = Appendicular lean mass; BMD = Bone mineral density; BMI = Body mass index; BUN = Blood urea nitrogen; ht = Height; LDL = Low-density lipoprotein; 25OHD = 25-hydroxy vitamin D; SPPB = Short physical performance battery; wt = Weight. loss in total hip BMD was positively associated with the rate of loss in leg muscle strength (r = .170, p = .033). In women, baseline BMD values at all three skeletal sites-lumbar spine, femur neck, and total hip-showed significant positive associations with the baseline values of muscle parameters for trunk lean mass, ALM, and legs lean mass. In associations with annual percentage changes in BMD, the rates of decline in ALM and in leg lean mass showed significant positive relationships with annual percentage changes in total hip BMD (r = .196, p = .011 for ALM, and r = .169, p = .033 for leg lean mass). Moreover, the loss rate in total hip BMD was positively associated with the rate of decline in leg muscle strength. However, there were no associations between the annual percentage loss of total hip BMD and baseline values in ALM, leg lean mass, and leg strength in women. All the statistically significant associations between muscle parameters and changes in BMD were weak or moderate, but similar to those seen with age.
In univariate analyses for annual percentage changes in total hip BMD, age, baseline leg muscle mass, baseline leg muscle strength, annual percent changes in leg strength and SPPB score were significantly associated with changes in total hip BMD in men, whereas only age, annual percent changes in leg muscle mass and strength provided significant results in women (Supplementary Table S2 ). Finally, multivariate linear regression analyses were conducted to identify any independent association of these changes with muscle mass and strength. In men, the factors that were independently associated with the rate of change in hip BMD were age and the rate of loss in leg strength (Table 3 ). In women, only the rate of loss of leg strength showed independent and significant associations with annual changes in total hip BMD. There was no collinearity between the variables studied (VIFs all < 2.0).
Discussion
In this community-based longitudinal study, we observed the rates of longitudinal changes of muscle mass, muscle strength, and bone mass. The body composition changes with aging showed different patterns between men and women. Leg lean mass, ALM, and total hip BMD in men showed consistent and slowly progressive declines with aging. In contrast, the losses in leg lean mass, ALM, and total hip BMD accelerated abruptly from the age of 75 years in women. In terms of declining leg muscle strength, the loss rates were moderate before the ages of 70 years in men and 75 years in women, whereas they were progressively and consistently more rapid with increasing aging thereafter. The accelerating pattern was steeper in women than in men.
We also identified the differential effects of muscle mass on bone loss according to gender. In men, the baseline lean mass seemed to have a more protective effect on bone loss than on the rate of muscle loss. However in women, only the rate of muscle loss was significantly correlated with the rate of bone loss, and the changes in muscle mass had more effect on bone loss than the baseline muscle mass. Moreover, the rates of muscle strength decline were positively associated with bone loss in both men and women. All the observed statistically significant associations between changes in BMD and muscle-related parameters, mass and strength were weak or moderate, but similar to those seen with age, which is the most significant determinant for changes in BMD. Moreover, the associations were still significant even after adjusting for age and BMI. Therefore, the values for muscle, especially muscle strength, could affect the changes in BMD positively for each subject, indicating that greater muscle strength might help to protect against bone loss. The progressive decline in skeletal muscle mass is a serious change associated with aging (2). Muscles are essential for posture and mobility, so loss of muscle mass has adverse consequences such as impaired performance, increased risk of falls and, subsequently, an increased risk of fragility and fractures (26) . The muscle-bone crosstalk is very complex and the underlying molecular mechanisms remain still unclear. However, several theories have been suggested to explain the close relationship between muscle and bone. First is the mechanostat theory (27) . Lack of physical activity causes significant bone loss and is an important risk factor for fractures (28) . Conversely, mechanical loading on bone by skeletal muscle stimulates and strengthens it (29) . Even though the biological pathways affecting mechanical loading on bone are not fully elucidated yet, diminished loading from low muscle mass might contribute to bone loss. However, the bone-muscle relationship was still significant even after adjusting for physical performance status measured by the SPPB score. Thus, physical performance might not be the only factor underlying the association between muscle strength and bone mass, and other factors and metabolic relationships might also contribute to the associations between these two organs.
Age-related changes in common contributors for both bone and muscle are also suggested as possible contributors of muscle-bone interaction (13) . Sex and growth hormones are well known anabolic hormones for bone and muscle tissues, and these decrease significantly with age (30) . The increased levels of proinflammatory cytokines and oxidative stress, and greater adipocyte with aging are also believed to affect both bone and muscle health (31, 32) . Another theory suggests that direct molecular signaling intervening between muscle and bone tissues plays a role in their close connection. Bone cells affected by mechanical loading also produce anabolic factors, which are involved in growing and reinforcing bone tissue (33) . Moreover, skeletal muscles also secrete protective factors that prevent secondary bone loss (17) . Furthermore, a recent study reported that polymorphisms of muscle-related gene, MSTN gene coding myostatin, had significant associations with fracture risk and bone loss. (34) Collectively, the existence of a shared pathogenesis in age-related muscle and bone loss and direct communication between bone and muscle contribute to the phenomenon of reduced muscle and bone masses.
In our study, the rate of bone loss was affected by the baseline muscle mass, but not by the rate of muscle loss in men, whereas the rate of bone loss was significantly associated with the rate of muscle loss, but not with the baseline muscle mass in women. Meanwhile, the loss rates in leg muscle strength showed positive associations with bone loss rates and remained as s significant independent factor affecting bone loss rates in both men and women. Thus, in terms of the influences of muscle on bone loss, the effect of muscle strength might be greater than muscle quantity, especially in men.
Here, we observed gender differences in body composition changes with aging. Men than showed faster loss for both ALM and trunk muscle than observed in women. Moreover, the declines in ALM and trunk muscle mass began earlier in men and were greater in women, where they finally started to decrease by the age of 75 years. Several previous studies have suggested that men might be more susceptible to muscle deterioration with aging than women, which is consistent with the trends observed in this study (21, 35) . Deteriorations in endocrine functions result in decreased levels of circulating hormones and play important roles in aging (36) . However, the roles of sex hormones on muscle biology are different between genders. Testosterone increases muscle size and reinforces muscle strength (37) . By contrast, estrogen, a female sex hormone, does not show positive effects on muscle and instead has some negative effects on muscle mass (38, 39) . Given these contrasting effects of sex hormones on muscle, elderly men with declining testosterone levels might show more rapid muscle loss than that seen in women with their decreasing estrogen levels. Moreover, differential effects from diminished IGF-1 levels, one of major pathophysiology of human aging, on muscle mass in men and women could partially explain the gender differences in muscle aging (39) .
In this study, we could not observe any relationship between muscle mass changes and lumbar spine BMD. The loading mode of the lumbar spine, is mainly axial compression, but the loading mode of the hip Note: BMD = Bone mineral density; BMI = Body mass index; 25OHD = 25-hydroxy vitamin D; SBBP = Short physical performance battery.
consists of compression, bending, and torsion (40) . Therefore, the femur is a more mechanically active site than the lumbar spine, and the hip strength and its mass appear to be dominantly affected by muscle tissue. This study had several strengths. It was a community-based longitudinal study, which enabled to examine the relationships between bone and muscle tissues from a longitudinal view. Close relationships between bone and muscle have been proposed in several cross-sectional studies (20, 41, 42) . Moreover, longitudinal changes in muscle mass or bone mass have also been reported, respectively, in several studies (43, 44) . However, there are few data about bone-muscle interactions from a longitudinal aspect. Moreover, we investigated muscle strength using a standard method as well as muscle mass. We also analyzed the gender differences in prospective changes of bone and muscle, and associations between these two organs.
There were also several limitations in this study. One of the potential limitations was a selection bias. Because only subjects who had completed DXA evaluations at both baseline and follow-up visits were included in this study, subjects who had not performed baseline DXA evaluations or subjects who had not performed follow-up DXA measurement, being deceased or censored, were excluded from the original cohort participants. Therefore, the subjects who were finally enrolled this study, were younger, had higher baseline BMD values and stronger leg muscle strength than those who were excluded (Supplementary  Table S3 ). Second, some factors that might affect the age-related changes in bone and muscle tissues such as sex hormones, IGF-1, and inflammatory markers were not assessed. Third, bone geometry or microarchitecture-other major factors that contribute to bone strength-are also expected to be closely associated with muscle strength (45, 46) , but we only measured BMD as a bone-related parameter. Finally, physical activity that could be expected to contribute mainly to the relationship between muscle strength and BMD was not assessed in detail here.
Body composition changes with aging occur differently between men and women. Loss of bone and muscle happen earlier and consistently progress in men, but later and abruptly accelerate in women. The associations between muscle mass and bone loss somewhat differ between men and women. However, change of muscle strength is the most significant independent factor associated with bone loss in both gender, and maintaining muscle strength could be a valid strategy for preventing the bone loss with age. Further molecular studies are warranted to elucidate muscle-bone interactions.
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